SUMMARY Left ventricular diastolic function was studied in 11 patients with coronary artery disease. Single plane ventriculography (300 right anterior oblique projection) was performed at rest and during an episode of angina immediately after a period of rapid atrial pacing. Left ventricular pressure was recorded simultaneously by a micromanometer tipped catheter. The ventriculograms were digitised frame by frame to derive continuous plots of left ventricular shape, volume, and rate of change of volume. The time constant (T) of the fall in left ventricular pressure was determined from the exponential portion ofpressure decay during isovolumic relaxation. Ventricular pressurevolume loops were constructed to study the left ventricular diastolic pressure-volume relation. The time of minimum left ventricular pressure was used to divide diastole into an early phase and a late phase. Angina was associated with an increase in end systolic volume and a fall in ejection fraction with no significant change in end diastolic volume. Peak left ventricular pressure was unchanged but left ventricular minimum and end diastolic pressures were both increased and the diastolic pressure-volume relation was moved upwards. The time constant of left ventricular pressure fall was prolonged. At rest more than 50%0 of the stroke volume entered the left ventricle during the period of early diastole. This proportion was significantly reduced during angina and as a consequence a significantly greater proportion of the stroke volume entered the ventricle during late diastole. Despite this, and although the left ventricular diastolic pressure-volume relation was moved upwards with angina, the mean slope of the relation during late diastole-that is, chamber stiffness-was not significantly altered. The upward shift of the left ventricular diastolic pressurevolume relation seen during angina is thus already apparent in early diastole, and its extent does not change during the later phase of diastole, which alone shows the property of passive stiffness. A primary increase in the passive stiffness of the ventricle cannot therefore be the cause ofthe upward shift of the diastolic pressure-volume relation, and events occurring in early diastole have to be looked to for an explanation.
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The study findings show that left ventricular function in early diastole is profoundly disturbed during angina pectoris and it is suggested that loss of elastic recoil and dissipation of this restoring force by asynchronous onset of relaxation and abnormal changes in shape are important factors contributing to this disturbance of function.
Left ventricular filling during angina and filling, however, are such complex processes that they are unlikely to be determined by any single factor and it is probable that each of these mechanisms affects function at some time during the diastolic period. In the present study therefore we used the point of minimum left ventricular pressure to divide diastole into an early and a late phase to try to understand how in patients with coronary artery disease an episode of angina induced by rapid atrial pacing modifies left ventricular function in early diastole, and the effect these abnormalities have on later diastolic events.
Patients and methods

PATIENTS AND CATHETERISATION PROCEDURE
Studies were performed at the time of diagnostic catheterisation in 11 male patients (mean age 52 years, range 42-68 years). All patients had chronic stable exertional angina and all had appreciable (>70%) obstructive coronary artery disease (four single, one double, and six triple vessel disease). Four of the patients had had a previous myocardial infarction. All medications, except glyceryl trinitrate, were stopped at least 15 hours before catheterisation, which was performed without premedication.
The study protocol was approved by the ethics committee of the Brompton Hospital and involved the performance of two left ventricular cineangiograms-the first at rest and the second during an episode of angina induced by rapid atrial pacing. The two cineangiograms were performed at least 20 minutes apart and on each occasion we used identical cine frame speeds (50/second), radiographic projections (300 right anterior oblique), quantities of contrast agent (50 ml of Urografin 370, meglumine diatrizoate), and flow rates (12 ml/s). Unfiltered high fidelity left ventricular pressure was measured during each contrast injection by a Gaeltec catheter tip pressure transducer and was recorded, together with an electrocardiogram, on a strip chart at a paper speed of 200 mm/s. The micromanometer signal was calibrated by superimposing it on a left ventricular pressure pulse derived from a conventional fluid filled manometer system.
To provoke an episode of angina patients were paced from the right atrial appendage with a Zucker pacing catheter. Pacing was initiated at 100 beats/min and the rate was increased by 10 13 (12) mm Hg (p < 0 01). Peak dP/dt and peak negative dP/dt were unchanged by angina.
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The lengths ofthe left ventricular major axis at end diastole and at the time of minimum volume were both significantly increased during angina (p < 0-05). At the time of minimum pressure the length of the major axis was similar at rest and during angina. When the length of the major axis at minimum pressure was expressed as a percentage of the total change in length during diastole, however, there was a significant reduction of 10 (9) % (p < 0 01) during angina. Thus angina is associated with the development of an abnormal pattern of ventricular diastolic shape change that is manifested by early assumption of a spherical configuration related to a delayed increase in the major axis of the ventricle. TIME INTERVALS (TABLE 4) The times of Q to peak negative dP/dt, Q to mitral valve opening, Q to peak rate of volume increase during diastole, and Q to minimum left ventricular pressure were all unchanged by angina. Figure 4 shows the mean for the time relations between peak negative dP/dt, mitral valve opening, peak rate of volume increase, and minimum left ventricular pressure at rest and during angina in the 11 patients. Angina did not significantly alter these time relations although there was an obvious shortening of the interval between peak rate of volume increase and minimum left ventricular pressure and lengthening of the interval between peak negative dP/dt and mitral valve opening, which approximates to the period of isovolumic relaxation. The duration of early diastolic filling (mitral valve opening to minimum left ventricular pressure) fell from 134 (47) ms at rest to 106 (46) ms during angina but this change was not significant either in absolute terms or when expressed as a percentage either of the total filling period or of the cardiac cycle. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Seven patients developed regions of asynchrony (mean number of affected segments six, range 5-9), either in isolation (two cases) or in association with hypokinesis (five cases). There was no discernible relation between the presence or extent of either kind of regional wall motion abnormality and the development of, or the magnitude of, altered measurements of left ventricular early diastolic function including changes in left ventricular geometry.
Discussion
The purpose of this study was to investigate the effects of an attack of angina on events in early diastole. Early diastole was taken as the time between peak negative dP/dt and minimum left ventricular pressure. It thus included a period of isovolumic relaxation and most of the ventricular rapid filling period, the time of peak inflow being recorded before minimum pressure. Left ventricular pressure decay during isovolumic relaxation is exponential, which means that its rate can be measured as a time constant. '6 Minimum left ventricular pressure represents the point at which ventricular pressure and volume begin to increase together-that is to show simple passive behaviour-so that only from this time can the slope of the pressure-volume relation be used as a measure of ventricular cavity stiffness.
We found that an attack of angina consistently affected early diastole. As in previous studies,' 8 tricular diastolic pressure, which has previously been shown to have a strong inverse correlation with isovolumic relaxation time.' Not only was the duration of early filling unaffected by angina but also the time relations between early diastolic events seemed unchanged although it should be bome in mind that the timing of mitral valve opening was derived from angiography and is thus liable to error because of the interval (20 ms) between cine frames. We were unable to detect any discemible relations between the time constant of pressure fall or the changes in the time constant induced by ischaemia and any other manifestation of left ventricle diastolic function. In control conditions, we found that just over half the stroke volume entered the left ventricle before the time of minimum left ventricular pressure; this value was rather higher than that previously reported.21 2 Angina consistently reduced this early diastolic inflow, both in relative and absolute terms; although the duration of early diastole was not significantly reduced and the timing of minimum pressure in relation to peak inflow rate was maintained. As a corollary the proportion of stroke volume entering the left ventricle during late diastole was significantly increased. Angina increased ventricular cavity pressures throughout diastole; and the increases at the times of mitral valve opening, minimum pressure, and end diastole were statistically significant. Cavity geometry also changed; end systolic volume rose, the shape index indicated that the cavity was more spherical, and lengthening of the ventricular long axis during early diastole was delayed.
In the present study the heart rate during angina was on average eight beats/min higher than the resting value, raising the question of whether the changes we saw and ascribed to angina were in fact merely secondary to a rate change. An increase in heart rate is characteristically associated with shortening of the diastolic period. Inspection of our results clearly shows that it was the period of late diastole that was principally shortened. The duration of early diastole was unchanged by angina: 16-8% of the total cardiac cycle at control and 17-4% during angina. A combined analysis of our study patients at rest and a further 10 normal subjects studied in our laboratory showed that, over the range of heart rate found in our study, the duration of early diastole seems to have no consistent relation with cycle length (r = 0-25). Finally, in three ofour patients (3,8, and 9) both increased together during late diastole. We found that although an attack of angina caused an upward shift of the ventricular diastolic pressurevolume curve this was not associated with any consistent change in cavity stiffness assessed from the slope of the pressure-volume relation. This conclusion would not have been altered had we made use of the popular but unproved idea that the passive left ventricular pressure-volume curve is exponential. Shifting passive diastolic pressure-volume relations have been explained in several ways. Pericardial constraint7 is a possibility but this mechanism, which would have its predominant effect during late diastole, seems unlikely in our group ofpatients in whom during late diastole the left ventricle was operating over the same volume range during angina as at control. The left ventricular diastolic pressurevolume relation may be altered by changes in right ventricular shape, volume, or pressure, the effect being modulated by the pericardium or the shared interventricular septum.7 For the reasons described above, the pericardial constraint seems unlikely, but we cannot exclude the possibility that a hypothetical disturbance of right ventricular diastolic function contributed to the shift of the pressure-volume relation found in our patients.
The characteristic pattern of falling pressure and M..
Dawson, Gibson increasing volume in early diastole has been recognised for many years.23 In human beings it has been detected on simultaneous M mode echocardiograms and pressure measurements" and more recently by angiography.2' This behaviour departs widely from any simple passive model, and its mechanism is still uncertain. It has been suggested that it is the result of decay in the active state being prolonged beyond mitral valve opening25 so that the fall in active wall tension induced by myocardial relaxation outweighs the increase in passive tension caused by the rise in cavity volume. The time of minimum pressure thus represents equilibrium between these two processes. This explanation thus requires that an episode of angina, which prolongs relaxation, would also delay the time of minimum pressure. But we did not see this in our patients.
The phenomenon of falling pressure associated with rising volume has also been ascribed to the effects of restoring forces (that is to elastic recoil). These forces reside in connective tissue elements within the myocardium. They are energised during systole and then act during diastole to return the ventricle to its pre-contractile configuration.34 Their extent is thus likely to be proportional to the distortion of cavity geometry and volume at end systole. Not until pressure and volume start to rise togetherthat is at the time of minimum cavity volume-are their effects outweighed by the passive mechanical properties of the ventricular myocardium. Our results can readily be explained by these ideas. The changes in end systolic volume and shape index are exactly those expected to reduce the forces that restore tension-thus increasing early diastolic pressure and reducing the early diastolic inflow of blood. Asynchronous onset of outward wall motion, commonly seen in angina, may also dissipate these forces and so exacerbate the disturbance. The peak filling rate was little changed by angina; in the face of increased early diastolic ventricular pressure it could only have been maintained by an increase in early diastolic left atrial pressure which would have maintained the corresponding atrioventricular pressure difference. 26 A normal ejection fraction and a low end systolic volume depend on the presence of longitudinally as well as circumferentially arrayed myocardial fibres.27 Whereas circumferential fibres are largely to be found in the mid-wall region, most longitudinally orientated fibres are found subendocardially' and are thus particularly susceptible to the effects of ischaemia. The delay in left ventricular long axis lengthening during early diastole that we saw in our patients is thus a predictable consequence of an attack of angina.
This study illustrates the complex nature ofdistur- 
